A 9.9-kilobase (kb) BamHI restriction endonuclease fragment encoding the catA and catBC gene clusters was selected from a gene bank of the Pseudomonas aeruginosa PAO1c chromosome. The catA, catB, and catC genes encode enzymes that catalyze consecutive reactions in the catechol branch of the beta-ketoadipate pathway: catA, catechol-1,2-dioxygenase (EC 1.13.11.1); catB, muconate lactonizing enzyme (EC 5.5.1.1); and catC, muconolactone isomerase (EC 5.3.3.4). A recombinant plasmid, pRO1783, which contains the 9.9-kb BamHI restriction fragment complemented P. aeruginosa mutants with lesions in the catA, catB, or catC gene; however, this fragment of chromosomal DNA did not contain any other catabolic genes which had been placed near the catA or catBC cluster based on cotransducibility of the loci. Restriction mapping, deletion subcloning, and complementation analysis showed that the order of the genes on the cloned chromosomal DNA fragment is catA, catB, catC. The catBC genes are tightly linked and are transcribed from a single promoter that is on the 5' side of the catB gene. The catA gene is approximately 3 kb from the catBC genes. The cloned P. aeruginosa catA, catB, and catC genes were expressed at basal levels in blocked mutants of Pseudomonas putida and did not exhibit an inducible response. These observations suggest positive regulation of the P. aeruginosa catA and catBC cluster, the absence of a positive regulatory element from pRO1783, and the inability of the P. putida regulatory gene product to induce expression of the P. aeruginosa catA, catB, and catC genes.
Degradation of numerous aromatic organic compounds by aerobic bacteria proceeds through protocatechuate and catechol via the two arms of the beta-ketoadipate pathway (39) . The central reactions of the pathway, indicated in Fig. 1 , involve two analogous routes by which oxygenative fission of the aromatic nucleus leads to production of tricarboxylic acid cycle intermediates. In addition to protocatechuate and catechol, which are illustrated in Fig. 1 , many other compounds such as p-hydroxybenzoate, benzoate, quinate, shikimate, mandelate, tryptophan, and anthranilate are dissimilated through the beta-ketoadipate pathway (30, 41) .
Considerable research has been done on the enzymology and regulation of enzyme induction of the beta-ketoadipate pathway in Pseudomonas putida and Pseudomonas aeruginosa (20, (29) (30) (31) (32) . Three enzymes of the catechol branch of the pathway, catechol dioxygenase (CTD) (encoded by catA), muconate lactonizing enzyme (encoded by catB), and muconolactone isomerase (encoded by catC) share a common inducer, cis, cis-muconate (3, 20, 29) . In P. putida, catB and catC are coordinately controlled and have been found to be closely linked on the chromosome (22, 40) . In P. aeruginosa, transductional analysis has shown that catA, catB, and catC are linked on the chromosome and that this cat cluster is grouped with several independently regulated genes that code for enzymes with related catabolic functions (38) .
Two of the enzymes of the catechol branch of the betaketoadipate pathway have been purified and extensively characterized from P. putida (21) . cis, cis-Muconate lactonizing enzyme is an oligomeric protein composed of eight homologous protomers, each with a molecular weight of 40,000 (2, 12) . The complete nucleotide sequence for the catB gene, which encodes muconate lactonizing enzyme, has been published (1) for P. putida. Muconolactone isomerase is a decamer consisting of 10 identical 11,000-molecu-* Corresponding author. lar-weight subunits (19) . Catechol-1,2-dioxygenase (CTD) has been purified from several microbial sources (35) . Extensive characterization of the enzyme has been carried out in two strains of fluorescent pseudomonads (23, 25) , in which the enzyme was found to consist of two nonidentical subunits. The enzymes of the catechol branch of the betaketoadipate pathway have not previously been purified from P. aeruginosa PAO1c.
In this report, we describe a molecular cloning analysis of the catA and catBC gene clusters from P. aeruginosa. These genes were isolated on a 24.6-kilobase-pair fragment of the P. aeruginosa chromosome. Although this fragment is much larger than that required for these genes, none of the catabolic genes that were previously placed near the catA, catB, and catC genes by transductional analysis (37, 38) were found. The cloned catA, catB, and catC genes were expressed at elevated levels in blocked mutants of P. aeruginosa; however, their low level of expression and the absence of an inducible response in mutants of P. putida suggest an incompatibility between the regulation and expression of the cat genes in P. putida and P. aeruginosa. Furthermore, it can be concluded that the cloned fragment does not code for all the regulatory elements of these genes.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study, together with their relevant characteristics, are listed in Table 1 .
Media and growth conditions. Minimal medium (VBG or MMO) and complex medium (TN) were prepared as described previously (7, 27) . Tetracycline and carbenicillin were used in selective media for P. aeruginosa at concentrations of 50 and 500 ,ug/ml, respectively. For P. putida, tetracycline was used at 25 ,ug/ml and carbenicillin at 2,000 Lg/ml. When grown for enzyme assays, bacteria were cultured in 100 ml of minimal medium (MMO) with aeration, supplemented with 10 mM benzoate or 20 mM glucose. P. aeruginosa was grown at 37°C, and P. putida was grown at 300C. Preparation of mutants. Bacterial mutants were derived from P. aeruginosa PAOlc (16) or P. putida PP0200, a derivative of strain mt-2 (42) cured of its TOL plasmid.
Mutagenesis with nitrosoguanidine was performed as reported previously (7) . Mutants were purified by singlecolony isolation on complex medium and were tested on minimal benzoate medium. Mutants were further characterized by analysis of compounds accumulated after growih on 20 mM glucose plus 10 mM benzoate. Catechol was detected by color formation (A605) after reaction with ferrous JtDTA (6) , cis, cis-muconate was detected. by its' UV absorption spectrum (32), muconolactone was detected by the hydroxamate method (15) , and beta-ketoadipate was detected by the Rothera reaction (9) , which involves reaction with 5% sodium nitroprusside in a saturated ammonium sulfate solution overlaid with concentrated (14,8 M) ammonium hydroxide. The production of a dark purple band' at the interface of the two-layers is a positive reaction for beta-ketoadipate. Preparation of DNA. The chromosomal DNA fragments used in this study were derived from a BamHI gene bank of the P. aeruginosa chromosome described previously (26) .
Plasmid D,NA was prepired by a modification of the alkaline-sodium dodrcyl sulfate' (SDS) procedures of Birnboim and Doly (4) and Ish-Horowicz and Burke (18), using-cesium chloride-ethidium bromide density gradient centrifugation. Recombinant' plasmids were surveyed for their, sizes with cells harvested from a patch of growth on selective medium and lysis by a small-scale modification of the alkaline-SDS procedure- (8, 13) . DNA. restriction mapping, ligation, and transformation. DNA procedures were done as'described previously' (8, 13, 26) .
Measurement of enzyme activity. Cells were grown for enzyme assays to a level that gave an apparent A425 of 0.8 to by established procedures (14, 28) . Protein was determined by the method of Bradford (5) benzoate, anthranilate, benzaldehyde, benzoylformate, or mandelate utilization (data not shown).
The two BamHI fragments of chromosomal DNA in plasmid pRO1772 were subcloned separately. The subclone which contained the 14.6-kilobase (kb) BamHI fragment was designated pRO1784, and the other subclone with the 9.9-kb BamHI fragment was designated pRO1783. Plasmid pRO1783 complemented the catA, catB, and catC mutants when used to transform.P. aeruginosa cat mutants listed in Table 3 . No complementation was obtained for any of the cat mutants when they were transformed with pRO1784.
Subcloning and characterization of cat4 region of pRO1783. Plasmid pRO1783 was digested with restriction endonucleases, and the resulting map is shown in Fig. 2 . A series of EcoRI deletions were made to localize the catA, catB, and catC genes on pRO1783. Three plasmids, designated pRO1944, pRO1875, and pRO1876, respectively (Fig. 2) , were obtained from this EcoRI deletion-subcloning. These plasmids were used to transform the set of catA mutants listed in Table 3 To further localize the catA gene on plasmid pRO2337, we made a series of Sall deletions. Plasmid pRO2338 (Fig. 2) , which contains a 2.2-kb PstI-SalI fragment of pRO2337 DNA, complemented the P. aeruginosa catA mutants PA04032 and PAO1.94, but none of the other catA mutants (Table 3) . These results are similar to the complementation pattern found for pRO1876, described above. Plasmid pRO2339, which contains a 3.2-kb PstI-SalI fragment of pRO2337 DNA (Fig. 2) , did not complement any of the P. aeruginosa catA mutants (Table 3) , which was similar to the result for pRO1944 described above.
In vitro reconstruction of CTD activity. SDS-polyacrylamide gel electrophoresis of denatured CTD in the presence of dithiothreitol demonstrated two protein bands with estimated molecular weights of 34,000 and 33,000 (Fig. 3) . The molecular weight of the enzyme was estimated to be approximately 70,000 by gel filtration (data not shown). Thus, the enzyme appears to be a dimer composed of two nonidentical subunits which differ slightly in molecular weight.
The catA mutants used in this study could be classified into two groups based on complementation by pRO1876. This Expression of catABC genes in P. aeruginosa. Enzymes of the beta-ketoadipate pathway, including those encoded by catA, catB, and catC, are inducible in P. aeruginosa and related bacteria. When the bacteria are grown in the presence of an inducer, enzymes are produced at elevated levels (33) . The catA, catB, and catC genes on pRO1783 exhibited inducible expression when present in blocked mutants of P. aeruginosa (Table 5 ). The level of expression of the cloned genes in the P. aeruginosa mutants was higher than found for fully induced cells of wild-type PAO1c, which may reflect the copy number of the cloned fragments.
Expression of P. aeruginosa catABC genes in P. putida. When carried on the recombinant plasmid pRO1783, the catA, catB, and catC genes were expressed at very low levels in P. putida (Table 6) , levels which were similar to those found in uninduced cells of P. putida or P. aeruginosa (Table 6 ). The level of activity for each of the enzymes was 1/10th to 1/50th of that found in fully induced cells of the wild-type PAO1c, and there was no significant elevation of enzyme activity when the P. putida mutants were grown under inducing conditions. Furthermore, the level of activity of the P. aeruginosa enzymes was 1/10th of that found in fully induced cells of the wild-type P. putida PP0200 (Table  6 ). These results suggest that a required positive regulatory locus (catR) was not present in pRO1783.
DISCUSSION
On the basis of restriction digest analysis and subcloning of pRO1783, as well as complementation of blocked mutants of P. aeruginosa, we place the gene order of the cat cluster as catA, catB, catC. This differs from the catA, catC, catB arrangement of genes given by Holloway and Morgan (17) in the most recent map of the PAO chromosome. Plasmid pRO1783 contained the catA, catB, and catC gene cluster, but it did not contain any of the related catabolic genes of the beta-ketoadipate and mandelate pathways that are known to be clustered at 64 minutes on the P. aeruginosa chromosome (17, 37, 38) .
Our inability to subclone catB and catC separately together with the polar effects of Bal 31 deletions that inactivated both catB and catC indicate that these genes are tightly linked. This linkage is consistent with the cotransduction data of Kemp and Hegeman (20) and Rosenberg and Hegeman (37, 38) for P. aeruginosa and is similar to observations for P. putida (22, 40) . In addition, the fact that Bal 31 deletions from the catC side of pRO1875 gave an active catB gene and an inactive catC gene, whereas deletions from the catB side inactivated both genes, suggests that these genes are transcribed as a unit from a single promoter and that transcription proceeds from catB through catC.
Subcloning of the catA-containing region of pRO1783 revealed that the catA mutants of P. aeruginosa could be differentiated into two groups based on their ability to be complemented by pRO1876, a deletant of pRO1783 that lacks an internal 1.5-kb EcoRI DNA segment. Since the CTD purified from P. aeruginosa, was found to be a dimer composed of nonidentical subunits, it appeared that the two groups of catA mutants represented mutant P. aeruginosa strains that carried lesions in different subunits of the enzyme. This hypothesis was supported by the partial restoration of CTD activity when extracts of each of the two classes of catA mutants were combined.
The 34-and 33-kilodalton subunits of P. aeruginosa CTD would require approximately 1.7 kb of DNA for synthesis. Localization of the catA genes that encode these peptides was derived from complementation experiments with overlapping deletion subclones of the catA+ plasmid, pRO2337. Plasmid pRO2339, which contains a 3.2-kb PstI-SalI fragment of pRO2337, did not complement any of the catA mutants; nor did plasmid pRO1944, which overlaps pRO2337 Fig. 2 ) and proceeds through the EcoRI site at map coordinate 3.5 kb (Fig. 2 ) in pRO2337. This portion of the catA clone is currently being analyzed by DNA sequence analysis. When carried in mutants of P. putida, the cloned catA, catB, and catC genes from P. aeruginosa were expressed at very low levels, generally 10-fold lower than those found in fully induced cells of the prototroph, P. aeruginosa PAO1c. Moreover, the cloned P. aeruginosa cat genes in P. putida showed no significant elevation of activity under inducing conditions. One possible interpretation of these results is that the P. aeruginosa promoters for catA and catBC are not recognized in P. putida. However, this explanation seems unlikely in the light of previous successful expression of cloned P. aeruginosa catabolic genes in P. putida (8) . An alternative explanation is that these results indicate differences in the regulation of the cat genes between the two Pseudomonas species. An explanation for these observations may be that in P. aeruginosa there is a required positive regulatory gene product (an activator) that is not encoded by plasmid pRO1783. Thus, when placed in P. putida, the activator would not be present and the cloned P. aeruginosa genes would be expressed only at a basal level. Since our data show that catA and catBC are separately transcribed, it is possible that there are two positive regulatory genes missing from pRO1783 that control transcription of the P. aeruginosa cat genes. However, results from experiments on the effects of catabolite repressors on synthesis of CTD, muconate lactonizing enzyme, and muconolactone isomerase in P. aeruginosa (20; Kukor and Olsen, unpublished data) indicate that catA and catBC are equally sensitive to catabolite repression. These results would suggest that a single regulatory gene (catR) controls transcription of both catA and catBC in P. aeruginosa.
If the P. aeruginosa catA, catB, and catC genes were negatively controlled, their expression in P. putida catA, catB, or catC mutants should be constitutive if they are not regulated from the P. putida chromosome and if the negative regulatory gene was missing from pRO1783. However, assuming a model of negative transcriptional control, if the P. putida repressor was able to regulate expression of the P. aeruginosa genes, then the cloned P. aeruginosa catA, catB, and catC genes should exhibit an inducible response in a P. putida genetic background. Our findings on the lack of constitutive expression and the absence of an inducible response of the cloned P. aeruginosa cat genes in a P. putida genetic background suggest that the P. aeruginosa cat genes are under positive transcriptional control.
Analysis of gene regulation and expression in heterogenetic backgrounds has proved to be a useful technique. We have used this approach previously in the analysis of cloned carbohydrate catabolic genes from P. aeruginosa expressed in P. putida (8) . In the work reported here, we extended this approach to an analysis of the regulation of the catechol branch of the beta-ketoadipate pathway. Since the betaketoadipate pathway is widely distributed among bacteria and its enzymology is well understood, analysis of heterospecific differences in expression of cloned DNA fragments can provide a useful approach to understanding differences in modes of regulation.
In addition to the CTD cloned from P. aeruginosa in this study, the gene for this enzyme has also been cloned from the chromosome of Acinetobacter calcoaceticus (24 
